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Trigonelline (N-methylnicotinic acid, Figure 1 ) is found in many plants, and in some animal species including sea urchins and jellyfish. Accumulation of trigonelline occurs in seeds of various legume species and coffee. It also appears in mammalian urine following administration of nicotinic acid. An excellent review of the metabolism and degradation of nicotinic acid in plant cell cultures was published in 1985 by Barz; trigonelline biosynthesis was included in this review [1] . No comprehensive review on trigonelline has been published, however. Below, the distribution of trigonelline in the plant kingdom, the biosynthetic and degradation pathways of trigonelline and related compounds, and the role of trigonelline in plants are reviewed. 
Distribution
Trigonelline was first isolated from fenugreek (Trigonella foenum-graecum), which is a legume Data were obtained from [4] .
crop used as a spice [2] . In higher plants, a high concentration of trigonelline is found in seeds. Tramontano [3] investigated the distribution of trigonelline in seeds from 21 superorders of the Dicotyledoneae. Trigonelline content in Fabiflorae is generally high, but the levels of trigonelline were variable within several superorders. Low contents were found in Violiflorae, Primuliflorae, Rosiflorae, Rutiflorae, Araliiflorae and Gentianiflorae. Matsui et al. [4] reported the distribution of trigonelline in seeds of 28 plant species. It was detected in the seeds of 14 species (Figure 2) . A high concentration of trigonelline was found in clover (Trifolium incamatum, 58 μmol/FW) and in coffee (Coffea arabica, 53 μmol/FW). In coffee seeds, trigonelline and caffeine are the most important nitrogen compounds which affect the quality of the coffee drink. Trigonelline in raw coffee materials is converted thermally to nicotinic acid and to certain flavor compounds during roasting. Trigonelline is a candidate for the bitter tasting compounds in coffee brew [5] .
Biosynthesis
Trigonelline is synthesized by the methylation of nicotinic acid [6] [7] . This reaction is catalyzed by Sadenosyl-L-methionine (SAM) dependent nicotinate N-methyltransferase (EC 2.1.1.7), which is found in crude extracts of the pea [8] . This enzyme has now been purified from heterotrophic cultured cells [9] and leaves of Glycine max [10] . The Km values for nicotinate and SAM were 78 μM and 55 μM, respectively in the enzyme derived from cultured cells, and 12.5 μM and 31 μM in leaves. The optimum pH of the cultured cell enzyme is alkaline (8.0), but that of the leaf enzyme is acidic (6.5). The gene encoding trigonelline synthase has not yet been cloned from any organism.
Nicotinic acid, which is a precursor of trigonelline, is produced as a degradation product of NAD [11] [12] [13] [14] .
The de novo and salvage pathways of NAD synthesis have been studied in several plants. In bacteria and plants, quinolinic acid, which is an intermediate of the de novo pathway, is synthesized from aspartate and triose phosphate via the so-called aspartate pathway [15, 16] . In contrast, quinolinic acid is synthesized in animals via a tryptophane-kynurenine pathway. A recent bioinformatic search of genome databases suggests that the tryptophane-kynurenine pathway is also present in Oryza sativa [17] .
Nicotinamide and nicotinic acid formed by NAD degradation pathways are re-utilized (salvaged) for NAD synthesis. The routes of degradation and salvage of pyridine compounds in combination are referred to as the pyridine nucleotide cycle (PNC) [18, 19] . There are several distinct cycles in different organs of different organisms. The six or seven member pyridine nucleotide cycle (PNC VI), NAD → NMN → (N-riboside) → nicotinamide → nicotinic acid → NaMN → NaAD → NAD operates in most plant cells [4, 11, 14, 20, 21] . Alternative reactions, including ADP-ribosylation and involving nicotinate riboside kinase, may also contribute to the cycle ( Figure 3 ) [21] .
Although the major source of nicotinic acid for trigonelline synthesis appears to be produced via the pyridine nucleotide cycle, the direct pathway of nicotinic acid formation from NaMN derived from quinolinic acid appears to be particularly active in organs which synthesize large amounts of trigonelline. In vitro and in situ experiments using enzyme extract and tissues suggest that the NaMN → Na-riboside → nicotinic acid → trigonelline pathway is operative [20] .
Nicotinic acid is utilized for trigonelline synthesis in many plant species, but some of it has another fate. Some plant species, including tobacco, produce nicotinic acid N-glucoside [4, [22] [23] [24] [25] [26] [27] . Nicotinic acid 
Catabolism
In planta, limited amounts of trigonelline appear to be demethylated to nicotinic acid and utilized for NAD synthesis. Trigonelline demethylating activity has been found in extracts of some plant leaves, including those of pine [29] . Shimizu and Mazzafera [30] studied changes in the trigonelline content of coffee seeds during the very early stages of germination. Trigonelline accumulated in seeds is converted to nicotinic acid during germination and is used for NAD synthesis. Trigonelline acts in this case as a reservoir of nicotinic acid in plants. Compared with trigonelline, nicotinic acid Nglucoside is more easily converted to nicotinic acid, because the reaction catalysed by UDP-glucose: nicotinic acid transferase (EC 2.4.1.196) is reversible [22] .
Some of the nicotinic acid formed from trigonelline or nicotinic acid N-glucoside appears to be further degraded. Willeke et al. [31] stated that degradation of nicotinic acid could be observed only in cell cultures producing the sugar conjugates of nicotinic acid, and that nicotinic acid degradation does not involve free 6-hydroxynicotinic acid. The degradation route of the pyridine ring of trigonelline in plants is still unclear.
Trigonelline metabolism in different organs and different growth stages

Metabolism of [
14 C]nicotinamide in nodules, roots and leaves of 1-month-old L. japonicus, a model species of leguminous plants, indicates that almost all nicotinamide is utilized for the synthesis of pyridine nucleotides in nodules, and that in roots and leaves the formation of nucleotides was limited, and almost all nicotinamide was converted to trigonelline in leaves. These results suggest that, in actively growing and undifferentiated tissues such as nodules, nicotinamide is used in the regeneration of pyridine nucleotides, so that an active pyridine nucleotide cycle is operating. In contrast, in leaves, which are differentiated tissue, trigonelline synthesis is abundant [4] .
Changes in trigonelline content and in biosynthetic activity were determined in cotyledons and embryonic axes of etiolated mungbean (Phaseolus aureus) seedlings during germination [32] . Trigonelline appears to be transported from cotyledons to the embryonic axis during germination. Higher biosynthetic activity of trigonelline was found in embryonic axes, however. Significant activity of quinolinate phosphoribosyltransferase (EC 2.4.2.19), which produces NaMN from quinolinic acid, and of nicotinamidase (EC 3.5.1.19), were found in both cotyledons and embryonic axes. Trigonelline synthase activity increased in the embryonic axes, but decreased in cotyledons during germination [32] .
Trigonelline accumulates during development of coffee leaves. Correspondingly, high biosynthetic activity of trigonelline from nicotinamide was found in developing leaves. In young coffee leaves, nicotinic acid formed from NAD was preferentially utilized for NAD formation; the remainder was converted to trigonelline. After maturation of leaves there is no massive accumulation of trigonelline. Since only a small amount of trigonelline was found in detached senescent leaves, it appears to be transported to new leaves [33] .
Biosynthesis and accumulation of trigonelline during growth and ripening of coffee fruits has been examined [34] . A massive increase in trigonelline content was found in the early mature stage of coffee fruits. Active trigonelline biosynthesis occurs in the pericarp of coffee fruits, and trigonelline may be transported from the pericarp to seeds. Ashihara This is in contrast to caffeine, which is synthesized mainly in seeds [14, 34] .
Nicotinamide metabolism in different parts of cacao seedlings indicates that a major product of nicotinamide metabolism is trigonelline in leaves. Both trigonelline and nicotinic acid N-glucoside were formed in taproots, however. Conversion of nicotinamide to NAD was greater in cotyledons than in other parts [4] .
Biological role of trigonelline
Trigonelline appears to be an end product of NAD metabolism. If trigonelline is converted to nicotinic acid, this compound is salvaged by nicotinate phosphoribosyltransferase, utilized for re-synthesis of NAD. Trigonelline demethylase has been detected [29, 30] , so that trigonelline in seeds may act as a storage compound in some cases [30, 35] . However, trigonelline demethylase activity was not found in germinating mungbean seeds (Ashihara, unpublished results).
Leguminous bacteria, such as Rhizobium meliloti, are able to catabolize trigonelline in symbiotic conditions [36] [37] [38] . It follows that trigonelline accumulated in cotyledons of legumes is translocated to roots and degraded for use as a nutrient source for bacteroid growth. Very high salvage activity of nicotinic acid was found in nodules of L. japonicus [4] .
Another possible role of trigonelline synthesis is related to detoxification mechanisms. Exogenously supplied nicotinic acid and nicotinamide inhibited the growth of roots of mungbean seedlings, but trigonelline has no such effect [32] . One role of trigonelline synthesis therefore could be detoxification of excess nicotinic acid and nicotinamide released from the pyridine nucleotide cycle in plant cells. A similar role in detoxification of nicotinic acid has been attributed to the formation of nicotinic acid glucoside [27] .
Trigonelline may also act as a regulatory molecule [39] . Cell cycle regulation is an important process. Nearly 30 years ago, trigonelline was isolated in the cotyledons of Pisum sativum as a G2 factor which arrests the growth of cells in roots and shoots in the G2 stage of the cell cycle [40] . Since cell arrest is correlated more strongly with the concentration of trigonelline in the medium than with the concentration of trigonelline in roots [41] , the role of endogenously produced trigonelline remains unclear. Mazzuca et al. [42] reported that roots of Lactuca sativa grown in very high concentrations (3 mM) of trigonelline solution showed reduced root growth and a decreased mitotic index, since a large proportion of proliferating cells were halted in the G2 phase. Trigonelline is a cell cycle regulator that causes cell arrest in G2, and prevents ligation of replicons in the S-phase. [43] .
Trigonelline released from roots of alfalfa (Medicago sativa) acts as a signal to a symbiont. To investigate the role of trigonelline catabolism in the Rhizobiumlegume interaction, Boivin et al. [37] studied the regulation of trc gene expression in free-living and endosymbiotic bacteria, using Escherichia coli lacZ as a reporter gene. Experiments performed with freeliving bacteria indicated that trc genes were organized in at least four transcription units, and that trigonelline was a specific inducer for three of these. trc Genes are induced during all symbiotic steps, i.e., in the rhizosphere, infection threads, and bacteroids of alfalfa. This suggests that trigonelline is a nutrient source throughout the Rhizobium-legume association.
Several reports suggest the accumulation of trigonelline as compatible solutes. Like proline and glycinebetaine, trigonelline is synthesized as an osmoregulator when plants suffer salt-or waterstress. Plants studied are as follows: alfalfa [44] ; soybean [45, 46] ; Populus trichocarpaxdeltoides [47] ; tomato [48, 49] ; Paspalum vaginatum [50] ; and transgenic maize seeds [51] .
In cultured cells of mangrove, Bruguiera sexangula, trigonelline synthesis from labelled quinolinate, nicotinamide and nicotinate was stimulated by salt stress [46] . An increase in trigonelline synthesis with salt stress therefore appears to be closely related to the synthesis of osmoprotective compounds, to prevent water loss when these mangrove cells are exposed to excess salt.
Trigonelline was isolated from Aeschynomene indica as a bioactive substance for nyctinasty [52] . The compound was effective for leaf-closing in this species at 100 nM in the daytime. It competed with indole-3-acetic acid, which is effective for leafopening. No effect of trigonelline was found in the other nyctinastic species, Cassia mimosoides and Mimosa pudica. These results suggest that trigonelline is related to the circadian rhythm of A. indica.
Biosynthesis and role of trigonelline
Natural Product Communications Vol. 3 (9) 2008 1427 A role of nicotinamide in the signal transduction chain, as the response of oxidative and UV stresses, has been proposed [53] [54] [55] , but a detailed mechanism and involvement of trigonelline are yet to be determined.
